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Abstract
A fraction of the Himalayan aerosols originate from secondary sources, which are cur-
rently poorly quantiﬁed. To clarify the climatic importance of regional secondary particle
formation at Himalayas, data from 2005 to 2010 of continuous aerosol measurements
at a high-altitude (2180m) Indian Himalayan site, Mukteshwar, were analyzed. For this 5
period, the days were classiﬁed, and the particle formation and growth rates were cal-
culated for clear new particle formation (NPF) event days. The NPF events showed
a pronounced seasonal cycle. The frequency of the events peaked in spring, when
the ratio between event and non-event days was 53%, whereas the events were truly
sporadic on any other seasons. The annual mean particle formation and growth rates 10
were 0.40cm
−3 s
−1 and 2.43nmh
−1, respectively. The clear annual cycle was found
to be mainly controlled by the seasonal evolution of the Planetary Boundary Layer
(PBL) height together with local meteorological conditions. Spring NPF events were
connected with increased PBL height, and therefore characterised as boundary layer
events, while the rare events in other seasons represented lower free tropospheric 15
particle formation.
1 Introduction
Secondary particle formation from gaseous precursors is largely recognised as an im-
portant worldwide mechanism increasing the number of atmospheric particles (Kulmala
et al., 2004; Spracklen et al., 2006, 2009). While in the atmosphere, these particles 20
are aﬀected by several physical and chemical processes inﬂuencing the particle cli-
matic properties, such as their scattering and absorbing characteristics and their ability
to act as Cloud Condensation Nuclei (CCN). Recent studies have suggested that these
particles of secondary origin make a signiﬁcant addition to the number of climatically
relevant particles (Lihavainen et al., 2003; Merikanto et al., 2009, 2010). 25
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Though there is consensus of the importance of secondary particle formation for the
global climate, the exact mechanism of particle formation or the chemical compounds
involved are not yet truly solved. Compounds participating in nucleation are not known
completely, for example, ammonia (Ball et al., 1999) and organic compounds (Bonn
et al., 2008; Metzger et al., 2010) might act on nucleation. Sulphuric acid is shown 5
to play a key role in atmospheric particle formation (Kulmala et al., 2006; Sipil¨ a et al.,
2010) and ions have been shown to lower the thermodynamic potential of nucleation
(Arnold, 1980; Winkler et al., 2008) The role of ions has been deduced to be minor in
the boundary layer (Manninen et al., 2010) while increasing the eﬀect in non-polluted
environments (Manninen et al., 2010) and in the free troposphere (Lee et al., 2003; 10
Lovejoy et al., 2004).
Due to the uncertainties in the atmospheric particle formation mechanism in diﬀerent
environments, its source contribution to the total particle number is diﬃcult to estimate,
as was demonstrated e.g. by Makkonen et al. (2009). This creates uncertainties for cal-
culating the climate sensitivity, further associated with quantitative estimates of climate 15
forcing.
The source strength of secondary particle formation and dynamics of the latter
growth, as estimated on measurements, have been globally shown to exhibit large
site dependent diﬀerences (Kulmala et al., 2004). Model results have suggested that
approximately 10–48% of the total particle number in the Planetary Boundary Layer 20
(PBL) (Merikanto et al., 2009, 2010) and up to 41% in the free troposphere (Merikanto
et al., 2009, 2010) are formed via the secondary route. As evident from the scatter-
ing of these estimates, it is not well known at which layers of the atmosphere the new
particle formation takes place most eﬃciently. Long-term measurements of particle for-
mation have mainly concentrated on low altitude sites with the best coverage around 25
Europe and north-America (Kulmala et al., 2004). Those studies conducted at high
altitude sites though, suggest that new particle formation takes place eﬃciently in the
free troposphere (e.g. Clarke et al., 1999a; Weber et al., 2001b; Twohy et al., 2002;
Venzac et al., 2008).
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The high aerosol load in Asian region necessitates dramatic global and local impacts,
for example through changing precipitation cycles. Especially the region of Himalayas
is highly sensitive to changing aerosol concentration and composition due to the strong
regional climate feedbacks. One of the concerns relates to the melting of the snow
cover at the Himalayan region (Immerzeel et al., 2009; Krinner et al., 2006; Zhang et 5
al., 2003; Xu et al., 2009) and additional eﬀects on human health are also well recog-
nised (Pandey et al., 2005; Zhang et al., 2007; Liu et al., 2009; Carmichael et al., 2009).
Recently, more research has been directed towards understanding Asian aerosols par-
ticularly related to the “brown cloud” detected in Southern and Eastern parts of Asia
(Lelieveld et al., 2001; Nakajima et al., 2007; Ramanathan et al., 2007a, b). This can 10
be seen as several ﬁeld campaigns (INDOEX, ACE-Asia, TRACE-P, APEX, PEACE,
EAREX and APMAX (Ramanathan et al., 2001; Huebert et al., 2003; Jacob et al.,
2003; Nakajima et al., 2003, 2007; Kondo et al., 2004; Takami et al., 2007) conducted
on this area. Some results from short term campaigns have also been reported from
the background areas of Himalayas (Sagar et al., 2004; Pant et al., 2006; Dumka et al., 15
2007; Hegde et al., 2007) but long-term measurements of aerosol particles have been
lacking. However, comprehensive long-term measurements are crucial when estimat-
ing the eﬀects of aerosols on the global and regional climate. Recently there have also
been attempts to establish long-term measurement stations in countries in this area
(Carrico et al., 2003; Gajananda et al., 2005; Ramanathan et al., 2007; Bonasoni et 20
al., 2008).
The 2006 inaugurated long-term measurement station in background, high-altitude
region in India was initiated by the Finnish Meteorological Institute (FMI) together with
The Energy and Resources Institute (TERI), India (Hyv¨ arinen et al., 2009). The station
provides a broad range of microphysical and optical measurements of aerosol particle 25
properties, such as the number size distributions of particles (Komppula et al., 2009).
In this study we will use four years period of data to quantify the characteristics and
seasonal pattern of new particle formation (NPF) events observed at the station. Fur-
ther emphasis is placed on deﬁning the precursors facilitating new particle formation,
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as well as on identifying the factors possibly inhibiting the process. Our speciﬁc aims
are to (1) obtain knowledge on the strength of the secondary particle formation as a
source of new particles, and (2) understand which factors are controlling new particle
formation at this high altitude region.
2 Methods 5
2.1 Site description and local meteorology
The measurements were conducted in Mukteshwar (29
◦26
0 N, 79
◦73
0 E) in northeast of
India close to the Nepalese border (Fig. 1). The site is at an altitude of 2180mabove
sea level in rural region at the Himalaya Mountains. The closest megacity is New Delhi,
located 350km southwest from the site. Nearby area has an agricultural test ﬁeld and 10
the nearest towns are about 25 km away. Therefore, the inﬂuences of local pollution
sources are minor. This location can be considered as one of the most remote areas in
India and thereby, representative of the regional background in the Indian atmosphere
(Komppula et al., 2009). Full description of the site can be found from Hyv¨ arinen et
al. (2009). 15
The local meteorological and climatic conditions follow a strong seasonal cycle. In
winter, the temperature can occasionally decrease below zero degrees but snowfall
is still rare. Winter is followed by dry and warm spring which is interrupted by the
monsoon period, starting approximately in the beginning of July. The autumn mete-
orological conditions resemble those of the spring, however, with reduced amount of 20
radiation and decreased temperatures (Hyv¨ arinen et al., 2009; Komppula et al., 2009).
Following these meteorological boundaries, the seasons were deﬁned as follows: win-
ter (December–February), spring (March–June), monsoon (July–15 September) and
autumn (16 September–November) and are marked as vertical lines in Fig. 2.
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2.2 On-site measurements
The on-site measured dataset used here ranges from late November 2005 to late Jan-
uary 2010. The analysis largely relies on the particle number size distributions, mea-
sured with a DMPS (Diﬀerential Mobility Particle Sizer). The DMPS measured the
dry particle size distribution in the size range from 10 to 800nm, which comprised of 5
30 discrete size bins measured over a full cycle length of ﬁve and a half minutes. The
DMPS consisted of a 28-cm long Vienna-type (Winklemayr et al., 1991) Diﬀerential Mo-
bility Analyzer (DMA) followed by a Condensation Particle Counter (CPC, TSI model
3010). Before entering the DMA the particles were neutralised with a radioactive bipo-
lar charger (Ni-63, 370MBq). The DMA was operated in a closed loop arrangement 10
(Jokinen and M¨ akel¨ a, 1997) with a critical oriﬁce. The ﬂow rates were set to 5.9Lmin
−1
and 1Lmin
−1 for sheath ﬂow and sample ﬂow, respectively. The relative humidities of
both ﬂows were kept low (<25%) by using silica gel dryer in the sheath ﬂow and a
naﬁon dryer in the sample ﬂow prior neutralizer. The temperature, pressure and rela-
tive humidity of the sheath ﬂow were measured continuously. The measured ﬂow rates 15
and temperatures were used to calculate the particle diﬀusional losses at diﬀerent parts
of the system (tubes, DMAs, charger, dryer). The diﬀusional losses together with the
calibrated CPC detection eﬃciency and the particle charging eﬃciencies as suggested
by Wiedensohler (1988) were used in the routine data inversion.
The DMPS was operated in the main sampling line with a cut-size of 2.5µm. Ad- 20
ditionally, a wide range of diﬀerent aerosol properties including total particle number
concentrations, PM2.5 and PM10 concentrations, and aerosol scattering and absorption
properties were measured at the station. Complete description of the measurements
at the site is presented by Hyv¨ arinen et al. (2009). The main meteorological parame-
ters; pressure, relative humidity, temperature, and wind speed together with direction 25
were also measured at the station.
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2.3 Boundary layer evolution and trajectory modelling
Diurnal evolution of the Planetary Boundary Layer (PBL) height at the station was de-
termined from the European Centre for Medium-Range Weather Forecasts (ECMWF)
model that runs with 3-h intervals. The PBL heights were calculated as a distance
weighted averages from the four closest coordinate points, i.e. one degree resolution. 5
To gather information on the origin of the air masses and thus on the potential particle
sources, the air mass backward trajectories were calculated using a FLEXTRA kine-
matic trajectory model (Stohl et al., 1995). The trajectories starting every three hours
were calculated at the arrival pressure level of 750hPa and followed 120h backwards.
2.4 Analysis of the particle formation characteristics 10
The DMPS data was carefully cleaned from any rare contaminations. The size
range was divided into three representative fractions recalling atmospheric particle
modes: nucleation mode (<25nm), Aitken mode (25–90nm) and accumulation mode
(>90nm), following that in Komppula et al. (2009) for the same site.
2.4.1 Classiﬁcation of new particle formation events 15
Classiﬁcation of the NPF events followed the procedure presented by M¨ akel¨ a et
al. (2000b) and Dal Maso et al. (2005) and will not be described here thoroughly but
the main concept will be presented. The whole 4-yr dataset was visually analysed
on day-to-day basis using the measured plotted particle size distributions (see Fig. 3).
When a sudden appearance of the nucleation mode particles was followed by the par- 20
ticle growth towards the bigger sizes, the day was classiﬁed as an event day. These
days were further divided into two diﬀerent classes, as presented below. Non-event
and unclear days were also classiﬁed for analysis reasons. The criteria set for each of
the four classes are:
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– Class I: clear NPF event with quantitative growth rate (GR) and formation rate
(FR);
– Class II: NPF event but not possible to accurately calculate GR and FR, i.e.
possible concentration ﬂuctuations during growth or growth was suppressed;
– Class III: undeﬁned, did not fulﬁl the characteristics of the event nor non-event 5
day, for example no clear growth or growing Aitken mode sized particles;
– Class IV: non-event, no nucleation mode particles.
The classiﬁcation was done independently by two researchers and the results were
compared afterwards. The rare occasions when those two deviated were re-examined
thoroughly until a consensus was reached. 10
2.4.2 Growth rate (GR) and apparent formation rate (FR)
Particle growth rates (GR) were determined by a visual ﬁtting method, similar to that
recently used e.g. by Kulmala et al. (2001) and Hamed et al. (2007). The growth rates
were assumed constant, thus enabling a linear ﬁt on the visually determined nucleation
mode peak diameters as a function of time. An example of the ﬁtting is given in Fig. 3. 15
For ﬁve randomly chosen event days, the growth rates were additionally determined by
ﬁtting log-normal modes on each of the measured nucleation mode size distributions
and by making a linear ﬁt on the obtained mode median diameters, thereby following
the method used by Dal Maso et al. (2005). The diﬀerences in the obtained growth
rates from the two methods were minor. 20
The rates at which new particles were formed (FR) were calculated at 15nm size
instead of the lowest measured 10nm size mainly for two reasons: (1) precission of the
measurement at 10nm is decreased due to diﬀusional losses and inaccuracy of the
power supply at low voltages, and (2) occasionally the events were observed only after
the particles had already reached a size, larger than 10nm. The second aspect was 25
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deduced to be connected with the daily boundary layer evolution and will be discussed
in detail later on. The determined 15nm particle formation rate should not be mixed
with the formation rate of initial critically sized clusters and should therefore be under-
stood as the apparent particle formation rate, emphasising the fact that it is determined
as appeared in the measurements after the particles were aﬀected by coagulation and 5
other processes for several hours in the atmosphere.
Formation rate of 15nm particles, J15, was calculated as
J15 =
dN15–20
dt
+CoagS17N15–20+
N15–20
5nm
GR15–20, (1)
where the ﬁrst term describes the temporal change in 15–20nm particle number con-
centration N, resulting from particle formation. The second term in Eq. (1) accounts 10
for the losses due to coagulation with bigger particles, where the coagulation sink, Co-
agS, was calculated similarly as in Kulmala et al. (2001). The particle wet sizes were
approximated using the parameterization of the particle hygroscopicity suggested by
Laakso et al. (2004). The third term in Eq. (1) takes into account the condensational
growth of the particles over the upper 20 nm limit of the size range and uses the growth 15
rates, GR, determined with the above presented methods. On average, for all the ana-
lyzed class I nucleation events, the contributions of ﬁrst, second and third terms were
58%, 11% and 31%, respectively.
An example of class I nucleation event with a ﬁtted particle growth rate is presented
in Fig. 3. A box is added on the ﬁgure to demonstrate the period for determining the 20
particle formation rate. Noteworthy is, that for the Eq. (1) to apply, the particles need
constantly be growing into and out from the studied 15–20nm size range. Additionally,
only a positive time derivative of the 15–20nm particle number concentration (1st term
in Eq. 1) was calculated. These limitations set the duration of the event and therefore,
the width of the box in Fig. 3. 25
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3 Results
3.1 Event characteristics
3.1.1 Seasonal cycle
Our dataset contained 1519days of which 1062days were classiﬁable. Rest of the days
contained missing or bad data. Total of 119events were found which corresponds to 5
11.2% of the classiﬁed days. There were 823 non-event days (77.5% of classiﬁed
days) and the rest were deﬁned as undeﬁned (11.3% of classiﬁed days). The overall
event to non-event ratio was 14.5%.
The annual cycle of new particle formation events was pronounced (Fig. 2). The
events were the most frequent on spring months (March–June) when altogether 97 10
event days, equating 81.5% of the events, were observed. In contrast during summer
(July–15 September) only 5 event days, equating 4.2% of the events were detected.
The number of non-event days had an inverse annual cycle as compared to the num-
ber of events, thus having the lowest values on spring and highest on summer. The
annual cycle of undeﬁned days resembled to that of the events. This is at least by part 15
explained by occasionally suppressed or interrupted particle growth.
3.2 Particle formation and growth rates
The mean particle growth rate as calculated from the whole data set was 2.43nmh
−1
with the largest mean values during winter (3.1nmh
−1) and spring (2.47nmh
−1) sea-
sons. The lowest growth rates were found during autumn with a mean value of 20
1.43nmh
−1. The mean growth rates and their quartiles for diﬀerent seasons are pre-
sented in Fig. 4.
The overall mean 15nm particle formation rate was 0.4cm
−3 s
−1 varying from
0.14cm
−3 s
−1 (autumn) to 0.44cm
−3 s
−1 (spring) between seasonal mean values. Ta-
ble 1 presents the seasonal mean particle growth and formation rates. However, it 25
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should be noticed that due to the strong seasonality of the occurrence of the events,
the statistics remain rather poor for any other season than spring.
3.3 Factors aﬀecting the particle formation characteristics
3.3.1 Local meteorology
Meteorological conditions can favour or suppress particle formation. Statistics are very 5
low for other seasons than spring, so comparison between event and non-event days
are shown only for spring. Higher solar radiation promotes the photochemical oxidation
processes, for example, through increasing the number of OH radicals. Radiation also
increases the vertical mixing of the atmosphere diluting the condensation sink (CS, see
e.g. Kulmala et al., 2001). Increased relative humidity has been linked with suppressed 10
nucleation due to the wet scavenging of particles and precursor gases and increased
CS by growing particles (Hamed et al., 2007).
The seasonal mean values of meteorological parameters are presented in Table 2.
Most of the detected NPF events (81.5%) occurred during spring season. Indeed,
the meteorological conditions during spring were favourable for particle formation (Ta- 15
ble 2). The global radiation was the most intense during the spring (mean value of
203.4Wm
−2). Spring was also relatively dry allowing the particles and the precursor
gases to be not scavenged by wet deposition and inhibiting the CS to increase by the
particle hygroscopic growth.
In contrast, the lack of the events during monsoon season was most likely rea- 20
soned by the nearly sustained rain that eﬀectively removes the particles and precursor
gases, such as SO2, below the cloud base. Also the lack of direct sun light near the
ground layer reduces the photochemistry and thereby, the formation of sulphuric acid
molecules via the oxidation of SO2 by ozone and OH molecules.
Why particle formation was not regularly observed during autumn and winter be- 25
comes, however, not evident by comparing the seasonal meteorological conditions.
Reduced radiation during winter might cause a lack of oxidation reagents together with
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reduced vertical mixing of the lower atmosphere (increased CS) thereby causing de-
pletion of precursor gases. In autumn the amount of radiation was as well slightly
decreased as compared with the spring, and the temperature was somewhat lower.
Yet, the dramatic NPF seasonal cycle would be unlikely to be explained by such small
deviations in meteorological conditions. 5
3.3.2 Origin of the air masses
The air mass back trajectories were studied to reveal possible correlations between
the NPF events and speciﬁc source regions. Figure 5 shows the average direction
of the trajectories calculated 120-h backwards separately for the event and non-event
days during spring and other seasons. The other seasons were bundled with statistical 10
reasons and covered altogether 22 event days, whereas the spring season covered
97 event days. Trajectories from west (region between 240
◦ and 300
◦) were found to
be characteristic for spring time NPF events. West is also the prevailing wind direc-
tion during the whole year, except for the monsoon season (Hyv¨ arinen et al., 2009).
Relatively common in spring were also the air masses originating from the Nepalese 15
mountain region in south-east (120–150
◦) but NPF events were not commonly seen
within these air masses. For the rest of the year (other seasons) the occurrence of the
NPF events was not connected with any speciﬁc air mass origin, but sporadic events
were observed regardless of the direction.
The height of the trajectory paths was also studied but no ﬁrm eﬀect on the NPF could 20
be found. The mean height for the path of the incoming trajectories was 2461ma.g.l.
(3212ma.s.l.) on the event days in contrast to 2439ma.g.l. (3169ma.s.l.) on the non-
event days as calculated using arrival times between 11:30a.m. and 02:30p.m. when
NPF events were mainly observed.
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3.3.3 Boundary layer evolution
The boundary layer height starts to increase after dawn when the rapidly warming
surface air becomes uplifted. The top of the boundary layer could under favourable
meteorological conditions reach the altitude of the station (2180ma.s.l.), which further
enables the transport of particle precursors and local pollution from lower altitudes to 5
the station (Raatikainen et al., 2010). This would be expected to drastically aﬀect the
observed NPF. Unfortunately, it is not straightforward to separate between boundary
layer (BL) and free tropospheric (FT) air solely based on measured quantities. Here,
the modelled PBL heights were used to distinguish between occasions of free tropo-
spheric and boundary layer particle formation. 10
Figure 6 shows the comparison between spring and other seasons diurnal variation
of the boundary layer height for event and non-event days at the Mukteshwar station.
The average time for beginning of a formation events during spring was 01:51p.m. and
is marked in Fig. 6 as a vertical line. Note that here the start time is deﬁned as the time
the NPF is detected at 15nm, so the initial nucleation start time is considerably earlier. 15
An estimate of the beginning of the NPF event could be done by using GR data from
Table 2 but growth rate probably does not stay constant due to dilution of condensing
vapours, changing CS etc. during rising of the boundary layer. A clear diﬀerence in the
evolution of the boundary layer between spring and other seasons during NPF event
and non-event days is evident. The uplift of the warm air appears to be signiﬁcantly 20
more eﬃcient during the spring season, when the global radiation is enhanced. In
spring, NPFs are connected with very high boundary layer height, reaching the station
altitude level prior to the observed particle formation. The mean value of the boundary
layer height during spring at the event start time was about 2600ma.s.l.. In contrast,
on non-event days in spring the mean PBL height stayed well below the altitude of the 25
station during the whole day. Figure 7 shows the number of event and non-event days
as a function of maximum PBL height during spring. Within the uncertainty rising from
the PBL model, most of the events occur when the top of the boundary layer is reaching
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the station altitude. However, the PBL reaching the station does not solely necessitate
a NPF event as also seen from Fig. 7.
During other seasons, no diﬀerence in the boundary layer evolution between event
and non-event days was detected and the mean PBL reached only 1200ma.s.l. on
both the event and non-event days (Fig. 6). This is well below the station altitude and 5
therefore, the rare nucleation events observed at the station on other seasons could be
considered as free tropospheric particle formation.
3.3.4 Sinks of vapours and particles
A high background particle concentration can hinder particle nucleation and growth
since particles act as a sink for both vapours and the initially formed nm-sized parti- 10
cles. Average PM2.5 concentration, representative of this background sink, for diﬀerent
seasons is presented in Fig. 8 for event, undeﬁned and non-event days, as calculated
between noon and 02:00p.m. This time window was chosen to correspond to the times
of observed particle formation. During monsoon and autumn seasons, the average
PM2.5 concentrations on event days were only about half or less of the concentration 15
on the non-event days. Therefore it seems that indeed, during summer and autumn,
the lack of the nucleating and condensing vapours can be a factor inhibiting particle
formation. In spring contrary is true, and the background PM2.5 mass concentration
is larger for event days (46µgm
−3) than for undeﬁned (44µgm
−3) and non-event days
(35µgm
−3). The overall average mass concentrations during spring are much higher 20
than during other seasons, evident of the frequent uplifting of the more polluted lower
altitude air masses, as follows from the daily evolution of the PBL. However, the en-
hanced sink for the vapours in spring do not seem to inhibit particle formation but quite
opposite, NPF takes frequently place. These polluted air-masses thus seem to con-
tain very high amounts of vapours to enhance particle nucleation and growth. The 25
background mass concentrations during winter do not show consistent decrease nor
increase following the NPF, undeﬁned and non-event days, however, the statistics are
rather poor due to long periods of missing PM2.5 mass data in winter.
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Similar behaviour can be seen from Table 3, where the seasonal averaged CS for
event and non-event days are presented. The CS is only slightly lower for event days
than for non-event days during spring. This diﬀerent behaviour of PM2.5 and CS during
spring on event and non-event days indicates large particles to contribute more on the
mass (PM2.5) than on the surface area (CS). On other seasons the CS is signiﬁcantly 5
lower for event days than for non-event days. This suggests that nucleation on other
seasons occur in free tropospheric conditions where nucleating vapour concentrations
are lower and thus, smaller CS is necessary for not to deplete the precursor gases.
4 Discussion
The strong seasonality in particle formation observed at the high-altitude mainly ap- 10
peared to manifest the evolution of the planetary boundary layer. The results sug-
gest that secondary particle formation is eﬃciently producing particles in the planetary
boundary layer of the Indian remote background regions where nucleating and con-
densing vapours are abundant. In contrast, in the meteorological conditions of the
lower parts of the free troposphere, the lack of gaseous precursors seems to inhibit 15
frequent secondary particle formation. However, in conditions of low background parti-
cle numbers, i.e. small vapour sink, particle formation could take place also right above
the planetary boundary layer.
The obtained characteristics of the particle formation events, such as the particle
formation and growth rates, are comparable with previous observations in high-altitude 20
sites. For example, Venzac et al. (2008) reported growth rates of 1.8±0.7nmh
−1 in the
Nepalese Himalayas at an elevation of 5079ma.s.l., thus slightly smaller than found in
this study. On contrary Nishita et al. (2008) reported growth rates of 2.6–3.1nmh
−1 in
Mt. Norikura, Japan at altitude of 2770m and Venzac et al. (2009) 4.7–5.6nmh
−1 in
Puy de Dˆ ome, France at an elevation of 1465m. The growth rates obtained here, ﬁt 25
right on top of the ones from Japan which were measured approximately at the same
elevation. These results suggest that increasing altitude results in decreased growth
rate. This might be due to the more pronounced dilution of the boundary layer air
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masses as it rises and mixes with more clean free tropospheric air masses decreasing
the amount of condensable vapours. Data on formation rates are reported only by
Venzac et al. (2009) from previously mentioned articles, which ranged from J10 =0.14
to J10 =0.20cm
−3 s
−1 which are at the lower end of the range obtained in this study
(J15 =0.14 to J15 =0.44cm
−3 s
−1). 5
The rate of nucleation events occurring in Mukteshwar is low compared to the val-
ues measured in Nepal Climate Observatory at Pyramid (Venzac et al. 2008), where
39.1% of the days had a NPF event during their 16-month study having maximum rate
during the monsoon season. Here the highest rate was found during spring which in-
dicates diﬀerent conditions for the particle formation. Events in Mukteshwar occurred 10
almost only when the boundary layer had risen to the altitude of the station bringing
vapours from ground level emission that enabled particle formation. At the Pyramid
station the events occured in free troposphere due to the high elevation of the station.
This indicates that free tropospheric particle formation is more eﬃcient at higher alti-
tudes, where the sinks for vapours and particles are low and increased irradiance due 15
to low number of clouds are favourable for particle formation, than in lower altitudes
represented by Mukteshwar or Mt. Norikura.
5 Conclusions
Our results conﬁrm that new particle formation is not so frequent phenomenon in Muk-
teshwar, an Indian Himalayan high-altitude site. The overall event to non-event ratio, 20
determined from four years of continuous measurements, was only 14.5%.
Su rprisingly pronounced annual patternin the occurrence of the particle formation
was observed (Fig. 2). The vast majority of the events were observed on spring months
from March till June (81.5% of all events), when the event to non-event ratio was as
high as 53%. Minimum was detected during summer monsoon season, when the ratio 25
was only 2%, possibly aﬃliated with the unfavourable meteorological conditions, like
low radiation below cloud base and particle wet scavenging. However, also during
autumn and winter, the particle formation events were only sporadic.
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The particle formation rates were the highest during spring, with a mean value of
0.44cm
−3 s
−1. During other seasons the mean formation rates ranged from 0.14 to
0.25cm
−3 s
−1. The mean growth rates varied from 1.45nmh
−1 in winter to 3.1nmh
−1
in autumn, reﬂecting the amount of available condensable vapours and the condensa-
tion sink. While the condensation sink for the vapours was clearly the highest in spring 5
this suggest that the amount of condensing vapours was higher in spring than in any
other season.
The strong seasonality of the events was connected with the planetary boundary
layer evolution. The height of the boundary layer was able to exceed the altitude of
the measurement site (2180a.s.l.) mainly during spring, in which case the precursor 10
gases and previously nucleated particles reached the station and an event was ob-
served. Figures 6 and 7 show unambiguously that during spring, the nucleation events
only occur when the boundary layer height has reached the altitude of the station.
When boundary layer reaches the station the background concentration increases af-
ﬁliated to the transport of pollution from near-surface emissions. This is clearly seen 15
in Figure 8 especially for spring, when, during nucleation, background concentrations
are the highest. On non-event days the background concentration is signiﬁcantly lower
while the station remains above the top of the boundary layer. However, boundary
layer reaching the station does not necessary mean an event due to the variability of
the condensation sink (pre-existing particles) and concentration of precursor gases. 20
During spring season nucleation events occurred 59% of the times when boundary
layer reached the altitude of the station. On other seasons than spring, the boundary
layer height never exceeded the altitude of the station during NPF event. Thus, the spo-
radic observations of particle formation on other seasons were deduced to take place
in the free troposphere. . In contrast to PBL spring events, a low pre-existing particle 25
background seemed to promote this free tropospheric particle formation, indicating a
lack of nucleating and condensing vapours in higher atmospheric layers.
The trajectories of the air masses coming to the station did not show any clear cor-
relation with the occurrence of nucleation events on most of the seasons. However,
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during spring, all of the events occurred during trajectories were coming from west
(Fig. 5). This is also the prevailing wind direction but the fact that no events were
seen with winds coming from any other direction during spring can indicate precur-
sor sources on the west side area of the station. There are few towns and a national
highway on the west side of the station about 20 to 30km away. 5
From these ﬁndings the annual cycle in Mukteshwar can be divided in two parts,
spring and other seasons when considering only particle formation. During the spring
time, nucleation is almost solely boundary layer nucleation where surface emitted pre-
cursor gases (e.g. SO2, NOx) are needed to initiate the nucleation. The concentrations
of these gases must be considerably higher than, for example, in Hyyti¨ al¨ a (Dal Maso et 10
al. 2008) due to the higher CS. When the background concentration grows it increases
the condensation sink which can explain the large number of undeﬁned days where the
growth was interrupted by lack of condensable vapours. Most of the nucleation events
during other seasons can be considered as free tropospheric nucleation, considering
the boundary layer height (Fig. 6) and the background concentrations (Fig. 8) during 15
the events. Also the trajectory distribution (Fig. 5) has no pattern during event days
for other seasons than spring, indicating no connection between the event and nearby
surface emissions.
The frequency of particle formation during other seasons is very low and it can be
concluded that lower free tropospheric particle formation is only a minor source of par- 20
ticles in Mukteshwar. This is somewhat in contradiction with the proposed idea that nu-
cleation takes place in the entire atmospheric column, which was based on frequently
observed NPF at 5079 m altitude at the ABC-Pyramid Atmospheric Research Obser-
vatory in Nepal (Venzac et al., 2008). Instead, our observations are similar to those of
Crumeyrolle et al., (2010) who observed that the vertical extent of NPF events was lim- 25
ited by the height of the boundary layer. This implies that the vertical structure of NPF
occurrence is complicated and more observations are needed especially in the lower
and upper free troposphere to constrain the uncertainties in global climate models.
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Table 1. Seasonal and total averaged particle growth and formation rates.
winter spring monsoon autumn total
Growth rate (nmh
−1) 3.10 2.47 2.40 1.45 2.43
Formation rate (cm
−3 s
−1) 0.20 0.44 0.25 0.14 0.40
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Table 2. Seasonal averaged meteorological conditions.
Winter Spring Monsoon Autumn
non-event
Relative humidity (%) 37.6 54.6 87.2 63.7
Temperature (
◦C) 9.6 16.4 17.8 13.6
Global irradiance (Wm
−2) 138.2 203.4 136.7 177.0
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Table 3. Seasonal average condensation sink (CS) on NPF event days and non-event days
between noon and 02:00p.m.
winter spring monsoon autumn
NPF event
(10
−3 s
−1) 5.7 14.7 3.9 5.1
Non-event
(10
−3 s
−1) 8.3 15.6 6.5 9.8
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  2 
Figure 1. Location of Mukteshwar measurement site with nearest towns and some terrain  3 
properties.  4 
  5 
Fig. 1. Location of Mukteshwar measurement site with nearest towns and some terrain
properties.
13221ACPD
11, 13193–13228, 2011
New particle
formation in
Himalayan foothills
K. Neitola et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
  25 
   1 
  2 
Figure 2. Number of event, undefined and non-event days in each month for the four year  3 
period of time. The number of days with valid data is shown at the top of the figure for each  4 
month. The division for seasons (spring: March-June, monsoon: July-15
th September, autumn:  5 
16
th September-November, winter: December-February) are shown as vertical lines.  6 
  7 
  8 
  9 
  10 
  11 
  12 
  13 
  14 
  15 
Fig. 2. Number of event, undeﬁned and non-event days in each month for the four year pe-
riod of time. The number of days with valid data is shown at the top of the ﬁgure for each
month. The division for seasons (spring: March–June, monsoon: July–15 September, au-
tumn: 16 September–November, winter: December–February) are shown as vertical lines.
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  26 
  1 
Figure 3. Particle formation event observed on 26 May, 2009. The blue line shows the fitting  2 
of growth rate on the data. The 15 nm particle formation rate, J15, was calculated based on  3 
data surrounded by the black box.  4 
  5 
Figure 4. Seasonal averaged particle growth rates (GR) with quartiles. Red lines indicate  6 
median values, upper and lower lines of the box present the 25
th and 75
th percentiles and the  7 
black lines indicate the extent of the data.  8 
Fig. 3. Particle formation event observed on 26 May 2009. The blue line shows the ﬁtting of
growth rate on the data. The 15nm particle formation rate, J15, was calculated based on data
surrounded by the black box.
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Figure 3. Particle formation event observed on 26 May, 2009. The blue line shows the fitting  2 
of growth rate on the data. The 15 nm particle formation rate, J15, was calculated based on  3 
data surrounded by the black box.  4 
  5 
Figure 4. Seasonal averaged particle growth rates (GR) with quartiles. Red lines indicate  6 
median values, upper and lower lines of the box present the 25
th and 75
th percentiles and the  7 
black lines indicate the extent of the data.  8 
Fig. 4. Seasonal averaged particle growth rates (GR) with quartiles. Red lines indicate median
values, upper and lower lines of the box present the 25th and 75th percentiles and the black
lines indicate the extent of the data.
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  1 
  2 
Figure 5. The incoming trajectory directions in degrees for event and non-event days divided  3 
in to spring and other seasons. Trajectories are calculated 120h backwards.  4 
  5 
  6 
  7 
  8 
  9 
  10 
  11 
Fig. 5. The incoming trajectory directions in degrees for event and non-event days divided in to
spring and other seasons. Trajectories are calculated 120h backwards.
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  1 
Figure 6. Comparison between spring and other seasons diurnal variation of the mean  2 
boundary layer height for event and non-event days. Vertical line shows the mean starting  3 
time of the nucleation events during spring seen at the particle diameter of 15 nm.  4 
  5 
  6 
  7 
  8 
  9 
  10 
  11 
  12 
Fig. 6. Comparison between spring and other seasons diurnal variation of the mean boundary
layer height for event and non-event days. Vertical line shows the mean starting time of the
nucleation events during spring seen at the particle diameter of 15nm.
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Figure 7. Number of event (blue) and non-event (red) days in each interval of maximum PBL  2 
height during spring season.  3 
  4 
  5 
  6 
  7 
  8 
  9 
  10 
  11 
  12 
  13 
Fig. 7. Number of event (blue) and non-event (red) days in each interval of maximum PBL
height during spring season.
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Figure 8. PM2.5 concentration between noon and 2 pm for event, undefined and non-event  2 
days and separately for different seasons.  3 
  4 
  5 
Fig. 8. PM2.5 concentration between noon and 02:00p.m. for event, undeﬁned and non-event
days and separately for diﬀerent seasons.
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